Supplementary Notes

Abstract
The focus of this research was to test and validate the feasibility of assessing humped highway-rail grade crossings for safe passage of vehicles with low ground clearance using Light Detection and Ranging (LiDAR) data. Collected using an airborne platform, LiDAR data provide geo-referenced spatial information about the shape and surface characteristics of Earth. The suitability of humped highway-rail grade crossings for use by vehicles with low ground clearance is a concern because of the possibility of vehicles getting lodged on rail tracks. The situation is more critical for vehicles with low ground clearance and a long wheelbase. While such vehicles usually travel on designated routes, emergencies or highway closures may result in these vehicles travelling on highways with humped grade crossings that may be unsafe for their passage. Using LiDAR data and line-of-sight analysis in a geographic information system (GIS), potentially problematic grade crossings for certain types of low ground clearance vehicles with a long wheelbase were identified. Results of the GIS analysis were validated in the field at actual grade crossings using survey equipment. The main conclusion was that LiDAR data could be successfully used to identify vehicle hangup issues at rail grade crossings. Using LiDAR data and line-of-sight analysis in a geographic information system (GIS), potentially problematic grade crossings for certain types of low ground clearance vehicles with a long wheelbase were identified. Results of the GIS analysis were validated in the field at actual grade crossings using survey equipment. The main conclusion was that LiDAR data could be successfully used to identify vehicle hang-up issues at rail grade crossings. A hang-up issue may even be encountered at a previously "safe" crossing due to the addition of track ballast under rails, re-grading or repaving of a crossing road, or due to erosion of an unpaved approach road surface. Such vehicle hang-up issues at a rail crossing may result in a severe train-involved crash in case oncoming trains are not warned well in advance. The vehicle hang-up issue has been around for some time and is often encountered when vehicles with low ground clearance make deviations from prescribed routes [2] [3] [4] . The issue may also be encountered during emergency situations when commonly used routes are not available for use, necessitating the use of routes (with rail crossings) not previously used for large vehicles. Thus, an in-office quick and accurate assessment of the hang-up issue at rail grade crossings would be valuable.
Research Objectives
The objectives of this project were to assess the vertical accuracy of obtained LiDAR elevation data at selected highway-rail grade crossings (HRGCs) in Nebraska, and to test and validate the crossing suitability of low ground clearance and/or long-wheel base vehicles at humped HRGCs for safe passage using LiDAR elevation data. Elevation data were collected using a geo-positioning system along with other surveying tools such as a theodolite at selected HRGCs, and the collected data were compared with the LiDAR elevation data statistically to show how accurately LiDAR data represent the actual field elevation data at given HRGCs.
Design vehicles with different dimensions were then used for assessment of crossing suitability, and the results of the crossing suitability assessment were field-validated.
Report Organization
The current chapter is followed by a description of the published literature in chapter 2, which focuses on design criteria for vertical alignment of rail grade crossings, techniques for recommends that the railroads be constructed as level as possible, focusing on motor vehicle driver's sight distance, vehicle braking, and acceleration distances. It also recommends that the crossing surface should be leveled at the top of the rails for a distance of 2-ft outside of the rails to avoid low ground clearance vehicles from being lodged on the track. The surface of the highway after the leveled area should not be more than 3 inches higher or lower than the leveled area by a point 30-ft from the rail unless track superelevation makes a different level appropriate.
The vertical grade crossing geometric design is shown in Figure 2 .1.1. Even though all the guideline books cited possible hang-up issues on low ground clearance vehicular traffic, it was noted that half of the government agencies and railroad 6 companies across the U.S. did not recognize the possible vehicle hang-up problems on rail grade crossings [8] . It was also noted that 87% of all agencies did not have detailed formal guidelines in terms of low ground clearance vehicles at HRGCs [8] .
Identification Techniques for Vehicle Ground Clearance Issue
Bauer [9] In developing a methodology for identifying and ranking crossings for possible hang-up issues using the HANGUP software, Mutabazi and Russell [12] Sobanjo [8] conducted 3D profile data collection using a laser profilometer for rail grade crossing areas in Florida to reveal the elevation information useful for identifying hang-up issues. However, the profilometer data would not provide detailed ground surface elevation information without proper configuration, so the author proposed several alternative methods to collect ground elevation data including a 3D laser scanner, Global Positioning System (GPS), asbuilt construction drawings, aerial surveys, GIS and contour maps, and 3-D digital photography. 9 
Design Vehicle for Humped HRGCs
To avoid low ground clearance vehicle issues at HRGCs, establishment of design vehicles were required for HRGC vertical design criteria. After their vehicle classification counts in West Virginia [10] , Eck and Kang proposed a low-clearance design vehicle with a 36-ft wheelbase and a 5 inch ground clearance based on the 85
th percentile values of collected field data in West Virginia [11] . Using the selected design vehicle, they established maximum safe grades and curve lengths for elevated highway-rail grade crossings.
Wooldridge et al. [13] reviewed the associated literature and recommended design vehicles to be vehicle type-specific for rail grade crossings where a potential hang-up problem may occur for low ground clearance vehicles. They maintained that analysis be conducted with the type of design vehicle with high expectation of using the crossing being designed rather than using a prescribed design vehicle, such as a vehicle with a 36-ft wheelbase and a 5 inch ground clearance. In other words, analysis on hang-up issues should be conducted with specific design vehicles that are highly expected to use the target crossing. The authors argued that the determination of a specific design vehicle relies totally upon local traffic composition.
French et al. [14] 
Application of LiDAR to Highway Safety
Advances in LiDAR technology have made terrestrial data collection easier, more economical, and relatively accurate [16, 17] . Collection of LiDAR data involves shooting thousands of laser beams per second at a target surface and measuring the return time of reflected beams to estimate the distance between the LiDAR instrument and the target surface. The
LiDAR instrument consists of a laser, a scanner, and a GPS receiver. To obtain the vertical profile of the Earth's surface, an airplane or helicopter with a LiDAR instrument flies on the target area, measuring the distance to calculate vertical elevation data.
Early applications of LiDAR elevation data to the issue of highway intersection sight distance obstruction was reported by Khattak et al. [18] and Khattak and Gopalakrishna [19] .
The authors focused on a driver's sight line distance using the LiDAR elevation data manipulated in GIS to identify potential obstructions. Results showed that about 90 percent of the identified obstructions were accurately confirmed, concluding that the LiDAR technology could be successfully applied for identifying sight-distance obstructions at highway intersections.
Khattak and Shamayleh [20] further developed the preceding research by utilizing LiDAR data to visualize obstructions for two-lane highway passing and stopping sight distances.
After creating the 3D visual model of their study area, proper passing and stopping sight distances were calculated with line-of-sight analysis in GIS for 10 different locations based on AASHTO's Green Book. Potential stopping sight and passing sight distance blockages were 11 validated in the field; their results showed that line-of-sight analysis for highway stopping and passing sight distances could be accomplished in GIS using the LiDAR data.
LiDAR technology applications for management of highway inventory data have been reported because conventional inventory data collection techniques are costly and laborious [20- 23]. Souleyrette et al. [21] found that roadway grade crossings can be efficiently measured from LiDAR elevation data by using regression to validate the accuracy. To establish an accurate and more feasible way to manage roadway inventories, Cai and Rasdorf [22] used LiDAR point cloud data to measure roadway centerline distance in a 3D vector model. After validation of their results, the authors concluded that LiDAR data-based 3D modeling successfully represented the roadway centerline at a satisfactory level. More recently, Wang et al. [24] used LiDAR data to create a 3D surface for building a vehicle dynamic model to quantify highway-rail grade crossing roughness and introduced an accurate and cost-effective procedure to test the rail grade crossing surface quality by using 3D sensing and imaging technology. Compared to the conventional rating that was used to identify ground roughness, the applied quantitative method provided a more objective way to view the actual condition of the surface.
Summary of Literature Review
In summary, the review of literature showed associated publications regarding the hangup issue at HRGCs. In order to identify the problem, diverse methods were used including model cars, HANGUP software, or profilometer. However, to evaluate the crossing suitability, the proposed methods require a field survey which may be in danger or laborious for surveyors. A review on application of LiDAR elevation data revealed that the appropriateness of the data for highway safety issues showed applicability on identifying hang-up problems at HRGCs using the 
Data Collection and Characteristics
Geo-Referenced Ranges of Target Rail Grade Crossings
Three rail grade crossings located in Lincoln (Lancaster County), Nebraska were chosen for this research; Site 1 was located on N 22 nd Street, site 2 was located near the intersection of N 17 th Street and Y Street, while site 3 was situated on N 33 rd Street (see Figure ) .
Figure 3.2 Selected rail grade crossings in Lincoln, Nebraska
To obtain geo-referenced points along the crossing roads, coordinates (x and y) at every 2-ft in a range of 160-ft (80-ft each from the centerline of the rail tracks) were measured using a geopositioning system (TOPCON HiPer II) along with other surveying tools such as a theodolite.
The specified dataset derived from TOPCON HiPer II appears in Appendix A. Figure represents the illustration of the geo-referencing method at a rail grade crossing. Those points provide the exact coordinates and relative elevation differences for the crossing roadway sidelines. The 
Orthophotos and LiDAR Data
The ArcGIS online provided a 2013 orthophoto aerial image for Lincoln, Nebraska. The image was overlapped with LiDAR elevation data to illustrate and locate the target rail grade crossing areas. The LiDAR elevation data for the study area were obtained from the Nebraska 16 
Department of Natural Resources (DNR). The data cover eastern Nebraska including Lancaster
County, providing high-resolution digital elevation data with a ground sample distance (GSD) of 1.4 meters. The vertical accuracy was specified as having a root-mean-square error (RMSE) of 0.185 meters, while the horizontal accuracy was specified to meet a 0.60 meter RMSE. The
LiDAR points included laser return information of class 1 (unclassified returns), class 2 (ground returns), and class 7 (low point and noise returns). The LiDAR point clouds were manipulated by Nebraska DNR to provide a 2 meter resolution digital elevation model (DEM) raster (cell size is 1 square meter). The coordinate system for the orthophotos and the LiDAR was NAD 1983
UTM Zone 14N for the representation of Lancaster County, Nebraska.
Chapter 4 Data Analysis
Geo-referenced points of 160-ft ranges for crossing roads and a 2 meter resolution LiDAR elevation raster were integrated in the study area orthophoto using ArcGIS. An autonomous relative accuracy test of the data was conducted to see how accurately the data represented elevation of the study area. To conduct the assessment, LiDAR elevation data pertaining to the geo-referenced points in the three rail grade crossings were obtained from the GIS database and verified against field observations obtained using a geopositioning system and a theodolite. The two corresponding groups of data were compared for relative accuracy. 
Assessment of Crossing Suitability
Several design vehicles and their dimensions were utilized to assess crossing suitability.
Reviewed literature provided information on the chosen design vehicles. Specifically, the selected vehicles were rear-loaded garbage trucks, aerial fire trucks, pumper fire trucks, school buses, lowboy trailers, and car carrier trailers; Table presents dimensions of these vehicles. Notes: -indicates no hang-up problems due to this part of the vehicle Crossing suitability analysis was conducted using an imaginary box placed under the target vehicle such that the wheelbase and vehicle ground clearance were the two sides of a rectangular box, as shown in Figure . The GIS-derived crossing suitability assessment results were validated in the field using a level line laser instrument, a geopositioning surveying tool, and level rods. When a line laser was set at a certain distance from the railway centerline, the wheelbase distance of design vehicles were used to set a level rod from the line laser instrument. The height of the line laser instrument was set to be the ground clearance of the vehicle. The objective of the research was to test and validate the feasibility of assessing humped highway-rail grade crossings for safe passage of vehicles with low ground clearance using LiDAR data. From amongst the selected design vehicles, the lowboy trailer was found susceptible to lodging at site 1 while the car carrier trailer was susceptible to lodging at sites 1 and 2. The passage of the other design vehicles (a rear-loaded garbage truck, two types of fire trucks, and a school bus) was not an issue at any of the three highway-rail grade crossing sites.
Validation of the GIS-derived results in the field showed that all the identified blockage spots were correctly identified. The conclusion from the conducted research was that LiDAR data can be used for identifying potential hang-up issues at rail grade crossings.
This proposed method is efficient and safer because it avoids making measurements in the field where highway and train traffic may pose hazards to the safety of personnel. However, it is acknowledged that current updates to LiDAR data are infrequent and may not keep up with changes in the highway/rail networks. Therefore, any changes at or near highway-rail grade crossings after LiDAR data collection will likely require field assessment. This research only analyzed three highway-rail grade crossings; in future studies, more sites may be evaluated so the findings are more generalizable. 
